To determine the combined therapeutic effect of fractional carbon dioxide laser and silicone gel on fresh traumatic scars using a rabbit ear hypertrophic scar (EHS) model, as well as on human subjects. The rabbit EHS model was established by punching four circular wounds in each ear and respectively treated with carbon dioxide laser, silicone gel, and the combination of both, while one wound was left untreated. In addition, a validation group of five rabbits was also included wherein the wounds were treated with triamcinolone, IFN-α, and normal saline, with one untreated control. The gross hyperplasic changes and the histological features were analyzed, and the scar elevation index (SEI) was calculated for each treatment group. In the rabbit model, the untreated control wounds showed hypertrophic growth, whereas triamcinolone or IFN-α showed an inhibitory effect, similar to that on hypertrophic scars in humans, thereby proving the feasibility of our animal model. The SEI peaked 2 months after treatment and was respectively 2.28 ± 0.56, 1.85 ± 0.33, 1.91 ± 0.34, and 1.45 ± 0.22 in the untreated control, and the silicone, laser, and combined treatment groups, clearly indicating a significant therapeutic effect of the combined treatment modality (p < 0.01). The fibroblast and microvascular counts also showed similar trends in each group. Early application of fractional carbon dioxide laser can prevent hypertrophic scars; the combined use of laser and silicone gel was more effective with less recovery time, thereby worthy of clinical promotion.
Introduction
Scar formation is a normal physiological response to tissue trauma or injury and is seen on the skin, as well in the gastrointestinal tract and other visceral organs. However, surface scarring on the face and limbs often has physiological and psychological effects on the patients. Efforts have been made since the past decades to promote rapid and effective wound healing while reducing hyperplasia and scar formation. Traditional scar removal methods include the non-surgical treatments such as pressurization, drug, laser, radiotherapy, and chemotherapy, as well as surgical resection. Although these methods usually show satisfactory results, they are unable to meet the modern patient's need to improve his/her appearance, in keeping with the improvements in living standards and the evolving esthetic concepts. Therefore, novel and more effective scar removal methods are urgently sought by dermatologists and esthetic surgeons. The non-invasive silicone gel has always been the first choice among the traditional methods and mainly used as a preventive measure in the early stages of scar hyperplasia. It is painless and convenient, and therefore highly popular among the patients. Laser is often used in the late stage of scar hyperplasia, but since its efficacy is offset by the pain and risk of infection, both clinicians and patients rarely select this option. In recent years, however, more clinicians have begun to use laser for the early preventive treatment of scars and achieved good results. Since its first published report in 2003, fractional photothermolysis (FP) has been increasingly used for various skin diseases, such as acne, pigmentation, and scarring [1] [2] [3] . Its unique penetration mechanism allows it to be used in combination with other drugs to treat scarring with the effect of B1 + 1 > 2^. In a recent study, carbon dioxide fractional laser was combined with 5-fluorouracil (5-FU) and the thermal decomposition effect of the former helped penetrate the pore channels of deep scar tissue, thereby improving the permeability and dispersion rate Yang Zizheng and LvYang contributed equally to this article. of 5-FU and achieving good therapeutic effect [4] . The possible mechanisms underlying the anti-scarring effects of silicone include hydration, electrostatic effect, and fibroblast inhibition. The aim of this study was to compare the effects of carbon dioxide fractional laser either alone or in combination with silicone gel for the early preventive scar treatment in animal models.
Methods

Rabbit ear hyperplasia scar (EHS) model establishment
Thirty male adult New Zealand white rabbits weighing between 2.5 and 3 kg were obtained from the Anhui Medical University Laboratory Animal Center. After iodophor disinfection, the rabbit ears were locally anesthetized with 2% lidocaine plus 1:200,000 diluted epinephrine. Four circular wounds of 1-cm diameter and spaced 1 cm apart were punched on the ventral surface of each ear. An operating loupe was used to ensure removal of the epidermis, dermis, and perichondrium in each wound (Fig. 1) , and hemostasis was achieved by applying pressure with cotton balls. A total of 240 wounds were created and disinfected every 2 days. After 7-10 days, the scab on the wound surface fell off naturally, forming fresh hypertrophic scars.
ES treatment regimen
The 30 rabbits were first randomized into the experimental (n = 25, 50 ears) and the validation (n = 5) groups. In the experimental group, one wound per ear was untreated (control), and the remaining three wounds were randomly treated as follows: (1) silicone gel-the appropriate size of the gel (Wanmei, Shanghai Winner Plastic Surgery Products) was cut to completely cover the scars for 6 months and was replaced every 3 days; (2) carbon dioxide fractional laser-the wounds were treated with three pulses of the laser once a month (wavelength 10,600 nm, energy 80 MJ/MTZ, spot size 2 mm, density 25%, round scan area, and pulse duration 1 ms)(carbon dioxide laser device of KL type, Kinglaser, China), and the wounds were then swabbed with iodide to prevent infection; (3) laser and gel combination-the wounds of the right ear were pulsed thrice with the carbon dioxide fractional laser once a month and covered with the silicone gel for the remainder of the duration. The four wounds of each ear of the validation group rabbits (40 wounds in total) were treated as follows: (1) 0.25 ml triamcinolone acetonide (5 mg/kg), (2) 0.25 ml IFN-α (500 U/ml), (3) 0.25 ml normal saline, and (4) untreated control. The respective drugs were intra-dermally injected once a month for 3 months. The scars of both groups were photographed and excised on 1, 2, 3, 4, and 5 months after starting the different treatment modalities.
In the experimental group, we randomly grabbed five rabbits every time and excised a total of 40 scars from them. The removed tissues included the whole scarred layer, the lower part of the cartilage layer, and some surrounding normal tissue. Each scar tissue sample was fixed in 4% neutral buffered formaldehyde, dehydrated, embedded in paraffin, cut into 4-mm sections, and stained with hematoxylin and eosin (H&E) according to standard protocols.
Tissue repair indicators
Gross observation
The wounds were visually examined for external signs of healing, color change, softening, and flattening time of the hypertrophic scars. The degree of dermal hypertrophy was measured in terms of the scar elevation index (SEI), which is defined as the ratio of the area of newly formed dermis of the scar to the area of the surrounding normal dermis (Fig.2 ). An SEI value greater than 1 indicates a hypertrophic dermis. The SEIs were measured twice by a blinded examiner, and the average of the two values was calculated.
Histological examination
The morphology and density of fibroblasts, arrangement of collagen fibers, and hyperplasia of the capillaries in the scar tissues were examined at different stages by two pathologists blinded to the experimental grouping. The number of fibroblasts was counted in three randomly chosen fields of 1-mm 
Results
Gross observations in the rabbit EHS model
No rabbits died during the experimental period. The overall healing time of the ventral ear wound was 12 to 14 days in all the treated rabbits. After the scab on the wound surface fell off, the center rose like a nipple and the base was reddish and pliable. In the untreated control, the thickness of the wound was twice as that of the full thickness of the skin 30 days after molding. Some hyperplasic tissues stopped growing and began to soften starting 60 days after modeling. However, more than half of the hyperplasic scars remained and the longest hyperplasia period lasted for 100 days. In the treated animals, the hyperplasic area stopped growing after 2 weeks to 1 month of treatment and the texture began to soften and the color started fading. In addition, the scars flattened completely within 10 weeks of treatment. In the validation group, the growth of the untreated and the saline-injected scar tissues were similar and significantly inhibited following triamcinolone or IFN-α treatment (Fig. 3) .
Histopathological evaluation of the EHS tissues
The normal skin structure of rabbit ears is similar to that of humans, with neatly arranged fibroblasts and microvessels clearly visible after H&E staining. After 7 days of HS modeling, the fibroblasts in the untreated control began to proliferate and the microvascular diameter increased considerably, and 1 month later, the fibroblasts, blood vessels, and collagen fibers were completely disordered. The scar tissues in each treatment group showed fibroblast and vascular hyperplasia of varying degrees within the first 3 months after treatment but were lower than those in the control group. The degree of hyperplasia in the silicone and laser-treated groups were similar, and that of the combination group was minimal (Fig. 4) . The SEI peaked 2 months after treatment and was 2.28 ± 0.56, 1.85 ± 0.33, 1.91 ± 0.34, and 1.45 ± 0.22 in the control, silicone, laser, and combined treated groups, respectively. Although the SEI of each group decreased over time, it was fastest in the combined group and similar between the silicone and laser-treated groups ( Fig. 5 ; p < 0.05). The fibroblasts and microvascular counts also followed similar trends (Figs. 6 and 7).
Discussion
Surgical suturing has become increasingly sophisticated, and with the improvement in the patients' awareness of post-operative care, the frequency of scar formation in trauma patients has lessened. However, the incidence of post-traumatic scars is still high in the Asian skin type due to various reasons [5] and with more specific requirements of the patients in terms of appearance, the prevention and treatment of post-operative scars is Fractional laser has gained popularity in recent years for the Bstubborn scars^. It causes selective thermal damage to various water-containing structures [6] and can inhibit the proliferation of skin fibroblasts by regulating growth factors such as TGF-β, MMPs, and HSPs, thereby reducing the collagen deposition [7] [8] [9] . The theory of fractional photothermolysis (FP) was first proposed in 2003 [1] and first tested successfully by Manstein et al. in 2004 to treat skin wrinkles in the forearm and orbit [2] . FP forms microscopic thermal zones (MTZ) on the skin, and the normal tissue in the intact region is able to repair the epidermis rapidly through keratinocyte migration and extrusion of damaged epidermal components to the border of the column Hypertrophic scars form when the skin trauma reaches the dermis, and a simple wound can lead to hypertrophic scars or keloid due to factors such as race, age, location, and infection. Wound healing is divided into three overlapping phases: inflammation phase, proliferation with the formation of granulation tissue, and the maturation phase constituting remodeling [10, 11] . The capillaries and fibroblasts are instrumental to massive collagen deposition during wound healing, and disordered decomposition and synthesis of collagen fibers in the proliferation phase is the main pathological process of scar formation. Thus, modulating this phase could minimize scar tissue formation. Laser exposure within 3 months after wounding targets the early wound healing process and upregulates HSP47, HSP70, and HSP72 expression within the first ho ur fo llowin g AFP, pe ak ing 3 -1 4 da ys po stintervention [12] . Hantash et al. detected increased levels of HSP47 7 days post-treatment, which persisted over 3 months [13] . In contrast, TGF-β expression was weak at all time points but highest in the spino-cellular layer 1 h to 3 days post-intervention with steadily declining levels over 14 days. These changes promote fibroblast chemotaxis to the extracellular matrix (ECM) to form collagen, resulting in dermal remodeling or scar formation [14, 15] . In our animal model, the capillaries and fibroblasts proliferated rapidly till 3 months post-treatment, especially during the first month. Since collagen fibers emerge at the end of the proliferation phase of wound healing, it is reasonable to start the laser treatment during the inflammation or the proliferation phase in order to regulate the distribution of collagen fibers. Histologically, increased capillary and fibroblast counts at 3 months post-treatment, especially the first month, were significantly lower than those in the control group, which also confirmed the feasibility of early intervention.
Silicone gel dressing has been used as an early preventive scar treatment since more than three decades and showed visible effects both in the rabbit EHS model in our study. In the early stages of wound healing, significant inhibition of fibroblasts and capillaries was seen after silicone coating of the wounds compared to the control group. When used in combination with laser, its therapeutic effects were further enhanced. The possible mechanisms of silicone gel action include closed hydration, oxygen tension, and electrostatic effect [16] [17] [18] [19] , which inhibit fibroblast proliferation and VEGF expression, although the specific pathway is not clear. Some researchers proposed the pressure and silicone osmosis hypothesis, which was however rejected by subsequent experiments [20, 21] .
Our hypothesis is that when used in combination, FP opens the channels of the corneum and epithelium, and enhances the permeation and retention of the silicone gel, thus enhancing its therapeutic effect. The MTZs extend from the epidermis into the dermis to varying depths, which is determined by the energy of the pulse and the spot size [2] . Thermal damage induced by the MTZs occurs at the depth of up to 1600 μm in the dermis. Despite this, re-epithelialization can occur within a day after treatment [2, 22] , which reduces infection and other risks. The wavelength of carbon dioxide lasers has a much lower absorption coefficient for water, which results in significant collateral thermal injury such as charring and scar formation but also improves hemostasis [23] . The energy of the laser was controlled in our study, and the minimum energy and density were selected. In addition, although FP can be used safely and effectively in Asian skin types (IV, V, VI), due to its long wavelength and low absorption rate of melanin, hypopigmentation cannot be ignored in future clinical trial.
Conclusion
Early application of fractional carbon dioxide laser can prevent hypertrophic scars, although the type of laser, the exact time point of early application, and the frequency and duration of laser need to be further validated.
The combined use of laser and silicone gel was more effective with less side effects, thereby worthy of clinical promotion. Further studies are needed to explore the underlying mechanisms of their therapeutic effects.
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